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ABSTRACT 
 
This paper attempts to increase the accuracy of Nuclear Magnetic Resonance (NMR) permeability prediction in a complex 
carbonate reservoir. The paper examines several existing permeability prediction methods, and attempts to adapt and improve 
them to achieve greater accuracy. The results contribute to a deeper understanding of how fluids flow through a heterogeneous 
reservoir. 
The NMR tool measures the relaxation time of hydrogen protons contained within reservoir fluids. The relaxation times are 
controlled by the interaction between hydrogen nuclei and the pore walls. Greater interaction leads to faster relaxation times, 
thus indicating smaller pores. The relaxation times measured by the NMR tool are compiled to display the T2 distribution. 
Typically, two peaks are observed (first and last peaks) that correspond to two pore sizes, small and large. Through knowledge 
of the pore sizes and their distributions, it is possible to form relationships that predict the permeability for every NMR 
reading.  
The study begins by utilising the Timur-Coates and Schlumberger Doll Research (SDR) equations to predict permeability 
and identify high permeability streaks. These results are summarised in this paper, but the methods used are described in detail 
by Coates et al (1991) and Logan et al (1998). 
The paper then examines a new method that relates permeability to the sum of the amplitudes of the NMR first and last 
peaks [Mai and Kantzas (2002)]. This method is later adapted to incorporate the locations of the first and last peaks through 
the introduction of porosity to the calculation. A second equation is developed that relates permeability to the magnitude of the 
maximum points of the first and last peaks. The curbe length of the T2 distribution is used to form a third equation for 
predicting permeability (the PJA equation). This relies on the premise that highly tortuous, long T2 distributions imply 
separate, distinct pore systems that lead to poor interconnectivity and low permeability.  
Two additional methods are reviewed that utilise Production Logging Tool (PLT) and Drillstem Test (DST) data to define 
permeabilities for each flowing zone. These permeabilities are used to form an equation that computes the Flow Zone Indicator 
(FZI) for every NMR response and in turn is used to calculate the permeability. 
The results show the PJA and SDR methods to be the most accurate in determining permeability from NMR logs. They are 
the methods which best represent Core, Sidewall Core (SWC) and Minipermeameter data, whilst matching permeability height 
(kh) values from the DST. The introduction of T2 distribution curve length has lead to the hypothesis that highly tortuous, long 
distributions imply separate, distinct, unconnected pore systems, whereas low tortuous, short distributions imply a wide range 
of porosities which give rise to high permeabilities. 
There is evidence to suggest that the Mai and Kantzas (2002) method is very similar to the Timur-Coates equation, with the 
Free Fluid Index / Bulk Volume Irreducible (FFI/BVI) section of the Timur-Coates almost identical to the First Peak (FP) and 
Last Peak (LP) of the Mai and Kantzas equation. The results also show that permeability is more dependent on the magnitudes 
of the first and last peak maximum points than on the sum of the first peak divided by the sum of last peak. 
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Abstract 
This paper attempts to increase the accuracy of Nuclear Magnetic Resonance (NMR) permeability prediction in a complex 
carbonate reservoir. The paper examines several existing permeability prediction methods, and attempts to adapt and improve 
them to achieve greater accuracy. The results contribute to a deeper understanding of how fluids flow through a heterogeneous 
reservoir. 
The NMR tool measures the relaxation time of hydrogen protons contained within reservoir fluids. The relaxation times are 
controlled by the interaction between hydrogen nuclei and the pore walls. Greater interaction leads to faster relaxation times, 
thus indicating smaller pores. The relaxation times measured by the NMR tool are compiled to display the T2 distribution. 
Typically, two peaks are observed (first and last peaks) that correspond to two pore sizes, small and large. Through knowledge 
of the pore sizes and their distributions, it is possible to form relationships that predict the permeability for every NMR 
reading.  
The study begins by utilising the Timur-Coates and Schlumberger Doll Research (SDR) equations to predict permeability 
and identify high permeability streaks. These results are summarised in this paper, but the methods used are described in detail 
by Coates et al (1991) and Logan et al (1998). 
The paper then examines a new method that relates permeability to the sum of the amplitudes of the NMR first and last 
peaks [Mai and Kantzas (2002)]. This method is later adapted to incorporate the locations of the first and last peaks through 
the introduction of porosity to the calculation. A second equation is developed that relates permeability to the magnitude of the 
maximum points of the first and last peaks. The curve length of the T2 distribution is used to form a third equation for 
predicting permeability (PJA equation). This relies on the premise that highly tortuous, long T2 distributions imply separate, 
distinct pore systems that lead to poor interconnectivity and low permeability.  
Two additional methods are reviewed that utilise Production Logging Tool (PLT) and Drillstem Test (DST) data to define 
permeabilities for each flowing zone. These permeabilities are used to form an equation that computes the Flow Zone Indicator 
(FZI) for every NMR response and in turn is used to calculate the permeability. 
The results show the PJA and SDR methods to be the most accurate in determining permeability from NMR logs. They are 
the methods which best represent Core, Sidewall Core (SWC) and Minipermeameter data, whilst matching permeability height 
(kh) values from the DST. The introduction of T2 distribution curve length has lead to the hypothesis that highly tortuous, long 
distributions imply separate, distinct, unconnected pore systems, whereas low tortuous, short distributions imply a wide range 
of porosities which give rise to high permeabilities. 
There is evidence to suggest that the Mai and Kantzas (2002) method is very similar to the Timur-Coates equation, with the 
Free Fluid Index / Bulk Volume Irreducible (FFI/BVI) section of the Timur-Coates almost identical to the First Peak (FP) and 
Last Peak (LP) of the Mai and Kantzas equation. The results also show that permeability is more dependent on the magnitudes 
of the first and last peak maximum points than on the sum of the first peak divided by the sum of last peak. 
 
Introduction 
Permeability is arguably the most important element of reservoir characterisation and management. A detailed description 
of the producing and impeding zones of any reservoir is vital for the understanding of fluid flow and the maximisation of 
hydrocarbon production. An increased knowledge of how fluids flow within the reservoir will ultimately lead to better 
reservoir management and a more efficient recovery strategy, thereby extending the life of the field. 
This study examines measurements taken from the NMR and PLT logs to identify the optimum procedures for predicting 
permeability in a highly heterogeneous carbonate reservoir. Observations made during this project led to the adaptation of 
existing methods, as well as the formation of several new equations to increase the accuracy of the permeability prediction. 
Ultimately, the best permeability prediction is that which can follow the baseline permeability whilst identifying high 
permeability streaks. It provides the closest match to Core, SWC, and Minipermeameter data whilst adhering to kh results 
from the DST.  
Imperial College 
London 
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There have been many attempts to calculate permeability from NMR readings. Currently, there are two methods preferred 
in industry, the Timur-Coates (Timur 1969 and Coates et al 1991) and the Schlumberger Doll Research (SDR) (Hidajat et al 
2004). Other methods include the formation of a variable T2 cutoff (Oraby et al 1997); the relation of permeability to the sum 
of first and last peak amplitudes (Mai and Kantzas 2002); the use of electrical image logs alongside NMR readings (Hassall 
2004); the use of Mercury Injection Capillary Pressure (MICP) data to define mean grain size and calculate permeability 
(Glover eta l 2006); obtaining permeability from NMR and production logs (Sullivan et al 2006) and a porosity partitioning 
method (Al Arfi et al 2006). Several of these methods have been tested and adapted in this paper. 
The reservoir under investigation is a complex heterogeneous carbonate located in the South American offshore basin. 
Water depths are in excess of 2000 m, with thick Late Cretaceous clastics (up to 2000 m thick) and Early Cretaceous salt, from 
200 to 2000 m thick, overlying the reservoir section. The reservoir itself sits at approximately 5000 m true vertical depth 
subsea, and is comprised of carbonates thought to be deposited in a lacustrine environment during the Early Cretaceous. The 
reservoir can be split into four primary units; the Upper and Lower Unit 1 which overlie the Upper and Lower Unit 2, with a 
laterally extensive shale unit present between the Upper Unit 2 and Lower Unit 2. 
The Upper Unit 1 is regarded as having the best reservoir quality and is hydrocarbon-bearing in all discovery wells. It can 
be subdivided into three facies types: microbial, carbonate grain dominated (found upstructure) and carbonate mud dominated 
(found downstructure). Comparatively the Lower Unit 1 is much more heterogeneous, showing a range in reservoir quality that 
becomes only locally hydrocarbon-bearing. Throughout all zones of the reservoir, dissolution structures have been 
encountered through the introduction of an acidic diagenetic fluid. This has resulted in extensive enhancement of the 
connected pore system and an introduction of vuggy porosity. The highest concentration of dissolution structures occurs 
throughout the zones with high primary connectivity.  
Heterogeneity is evident throughout the reservoir from the seismic (hundreds of metres) down to core plug scale (centi-
millimetre), resulting in vuggy porosity immediately adjacent to fine grained, micro porous units. The change in porosity and 
permeability can therefore be orders of magnitude over a matter of centimetres. This extreme heterogeneity makes the 
identification of high permeability zones extremely difficult throughout the reservoir.  
As well as this extreme heterogeneity, there are difficulties in using the NMR log to predict permeability. Fig. 1 shows that 
there is a relationship between porosity and permeability within the SWC and Core data. That relationship is much harder to 
find using the NMR log for porosity and SWC data for permeability (Fig. 1b).  
The majority of the wells drilled across this basin have some combination of SWC, Core, Minipermeameter, NMR, PLT or 
DST. Core and SWC have both permeability and porosity readings derived from laboratory analysis. The methods detailed in 
the following sections have been completed on at least two wells over the region to ensure accuracy and consistency. 
 
 
Fig. 1a—Shows clear relationship between porosity and permeability from SWC data. b—Shows larger scatter of data using NMR 
porosity and SWC permeability. 
 
NMR overview 
NMR is performed by applying a strong magnetic field in a particular direction. Protons contained within hydrogen nuclei, that 
are spinning in random orientations, align to the induced magnetic field like iron filings aligning to a bar-magnet’s field. The 
time taken for alignment is called the longitudinal relaxation time (T1) (Hidajat et al 2002).  A second magnetic field is applied 
perpendicular to the initial magnetic field, which causes the protons to spin in phase with one another. As the second magnetic 
field is turned off, the proton spins begin to decay as they become out of phase; this is known as dephasing. At this point the 
second magnetic field is switched back on, but at an angle of 180° to the original magnetic field. This causes the protons to 
rephase. Switching between the 180° applied magnetic field and the original magnetic field builds up a series of spin decays. 
This process is called CPMG after the authors Carr, Purcell, Meiboom, and Gill (Coates et al 1999). Between each dephasing 
and rephasing, radio waves are produced that are a result of changes in proton energy levels. These radio waves are recorded 
by the NMR tool. The decay of their amplitude is known as the transverse magnetisation decay and the time over which these 
decays occur is known as the transverse relaxation time (T2). 
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Both the T1 and T2 relaxations are controlled by three mechanisms: bulk relaxation, surface relaxation and diffusion-
induced relaxation (which affects only T2). The sum of these relaxations equals the total relaxation of the pore system. Bulk 
relaxation is the property controlled by the fluid alone i.e. viscosity and composition. Surface relaxation is controlled by the 
interaction between the fluid and the rock surface. Diffusion relaxation is due to the inconsistent nature of the magnetic field, 
causing protons to dephase or rephase at slightly different rates (Coates et al 1999). Surface relaxation is the most important 
parameter in porosity and permeability calculation, as it gives information on the amount of interaction between fluids and 
grain surfaces. The more interaction there is the faster the relaxation and hence the smaller the pore. 
A pore size distribution can be formed by mathematically inverting the spin decay readings, creating a graphical 
representation of the pore volume and its distribution. Fig. 2 shows a typical T2 distribution with 92 ms cutoff as the distinction 
between bound and free fluid. Bound fluid is the Bulk Volume of Irreducible (BVI) water or oil, i.e. fluid that is immobile or 
capillary bound. Free Fluid Index (FFI) is water or oil that is free to move within the pore system. Bound fluid plus free fluid 
equals the total fluid volume and the total pore space. Typically, a standard cutoff value (T2cutoff) of 92 ms is used to 
differentiate between bound and free fluid (Hidajat et al 2002), but a variable T2 cutoff is used in this paper.  
Through knowledge of the pore distributions, T2 cut-off, and free or bound fluid it is possible to apply different equations 
(such as the Timur-Coates or SDR) to estimate the permeability for every NMR reading. It is this idea that forms the majority 
of the work completed in this paper, with several old and new attempts made at defining permeability. 
 
Fig. 2—T2 distribution from NMR log with T2 cutoff and differences between free and bound fluid shown. 
 
Previously applied methods 
Prior to this paper, three permeability prediction methods were investigated. Two well known methods, Timur-Coates (Timur 
1969 and Coates et al 1991) and SDR (Hidajat et al 2004), were tested and correlated to this particular field by using the 
methods proposed by Amabeoku et al (2001). The Timur-Coates equation (Eq. 1) relates permeability to the fraction of free 
and bound fluid,  
𝑘𝑇𝐶 = 𝐶10
4(∅𝑇)
𝑎 (
𝐹𝐹𝐼
𝐵𝑉𝐼
)
𝑏
 ........................................................................................................................................................ Eq. 1 
whereas the SDR equation (Eq. 2) relates permeability to the logarithm of the geometric mean (T2LM): 
𝑘𝑆𝐷𝑅 = 𝐶(∅𝑇)
𝑎(𝑇2 𝐿𝑀)
𝑏 ........................................................................................................................................................... Eq. 2 
For both Eq. 1 and Eq. 2, ØT is the total porosity and the constants a, b and c are determined empirically. The methods and 
applications associated with Eq. 1 and Eq. 2 are described in more detail by the aforementioned authors. 
The third method involves calculating Flow Zone Indicators (FZI) and permeability from DST. kh values from DST are 
divided by the perforation intervals to give an average permeability for the well. This permeability, in combination with 
average porosity from NMR, is used in Eq. 3 to calculate a Rock Quality Index (RQI). Eq. 4 is used to calculate the reduced 
porosity (Ør). The results of Eq. 3 and Eq. 4 can be used to determine a FZI for each specific well using Eq. 5 (Amaefule at al 
1993): 
𝑅𝑄𝐼 = 0.0314 (
𝑘
∅
)
1
2⁄
 ............................................................................................................................................................... Eq. 3 
∅𝑟 =
∅
(1−∅)
 ................................................................................................................................................................................ Eq. 4 
𝐹𝑍𝐼 =
𝑅𝑄𝐼
∅𝑟
 ................................................................................................................................................................................. Eq. 5 
Taking the overall FZI and the average micro, meso and macro porosities from the NMR log [micro / meso cutoff =100 ms, 
meso / macro cutoff = 1000 ms (Al Arfi et al 2006)] it is possible to solve E.q. 6 and evaluate the multipliers FZImicro, FZImeso 
and FZImacro. These FZImicro/meso/macro multipliers can be used in conjunction with the NMR tool to predict a total FZI for every 
NMR reading using Eq. 6. Working backwards through Eq. 5 to Eq. 3 yields a new permeability prediction for the entire log: 
𝐹𝑍𝐼 = 𝐹𝑍𝐼𝑀𝑖𝑐𝑟𝑜(∅𝑀𝑖𝑐𝑟𝑜)+𝐹𝑍𝐼𝑀𝑒𝑠𝑜(∅𝑀𝑒𝑠𝑜)+𝐹𝑍𝐼𝑀𝑎𝑐𝑟𝑜(∅𝑀𝑎𝑐𝑟𝑜) ............................................................................................ Eq. 6 
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These three methods and all subsequent methods use a variable T2 cutoff rather than the standard 92 ms. The T2 cutoff for 
each response is defined as the point immediately before the second peak i.e. just as the response begins to increase after the 
first peak (as shown in Fig. 3). This altering T2 cutoff allows the distinction between free and bound fluid to vary. 
 
Fig. 3—Variable T2 cutoff, location of which is controlled by lowest point before the second peak. 
 
New methods 
Where a new method proposed by another author is tested, it is attempted and then calibrated to Core, SWC and 
Minipermeability data. Newly derived methods require calibration during their derivation. All of the methods were then 
compared and contrasted. 
Method 1 was proposed by Mai and Kantzas (2002). Here the authors related permeability to the size of the first and last 
peaks of the T2 distribution. They proposed that permeability is inversely related to primary porosity (first peak) and directly 
related to secondary porosity (second peak). This implies that increases in micro porous material lead to restrictions in flow 
and a decrease in permeability (Mai and Kantzas 2002). It also implies that vuggy material can increase fluid flow through a 
rock, which is in contradiction to Chang et al (1994) (Mai and Kantzas 2002). Eq. 7 shows the formula produced by Mai and 
Kantzas (2002). The values for First Peak (FP) and Last Peak (LP) are derived by summing all of the amplitudes for bound 
and free fluid respectively, and then dividing by the sum of all of the amplitudes. This gives a value as a fraction for both FP 
and LP, whose sum equal 1: 
𝑘 = 0.09396(𝐹𝑃)−1.81567(𝐿𝑃)4.55186 ..................................................................................................................................... Eq. 7 
Eq. 7 is then calibrated to Core, SWC and Minipermeability data, to tailor the constants to this specific reservoir.  
Calibration is achieved by using the original equation to calculate a permeability prediction. The difference between 
predicted permeability and permeability from laboratory data (Core, SWC and Minipermeability) is set to zero for every 
measurement. This produces new constants for every reading, which are then averaged over the well. This process is applied to 
all laboratory data for at least two wells and an overall average of the constants is taken. In doing so, new constants are derived 
that relate the equation to this reservoir. The calibration method described is used on all permeability predictions that are 
derived through relating T2 distributions to laboratory data. Permeability predictions that are derived from PLT results undergo 
calibration to DST during their derivation. The results of calibrating Eq. 7 and all others are presented later. 
Method 2 is a continuation of Method 1, but with the introduction of porosity into Eq. 7. Porosity is introduced as a 
multiplier of Eq. 7 to try and tie Eq. 7 to the fluctuations in porosity, as well as the fluctuations in first and last peak 
magnitudes. Eq. 8 shows the theoretical equation with the introduction of porosity. The constants A, B, C and D are evaluated 
using the calibration method discussed above: 
𝑘 = 𝐴(𝐹𝑃)𝐵(𝐿𝑃)𝐶(∅T)
𝐷 ......................................................................................................................................................... Eq. 8 
It was noted, whilst investigating other methods, that permeability is loosely related to the magnitude of the last peak and 
inversely related to the magnitude of the first peak (Fig. 4). A new equation (Eq. 9), Method 3, was formed to try to prove this 
theory. First Peak Amplitude (FPA) is the magnitude of the maximum point of the first peak as a fraction of both first and last 
peaks. Last Peak Amplitude (LPA) is the magnitude of the maximum of the last peak as a fraction of both first and last peaks. 
Unlike Method 1, which considers all of the amplitudes that make up the T2 distribution, this method only considers the 
amplitude of the maximum points for both first and last peaks. The sum of FPA and LPA is one. A calibration was run on this 
model to determine the constants A, B and C. Porosity is added to Eq. 9 in the same manner as Eq. 8 to try and refine this 
prediction technique further: 
𝑘 = 𝐴(𝐹𝑃𝐴)𝐵(𝐿𝑃𝐴)𝐶  .............................................................................................................................................................. Eq. 9 
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Fig. 4a—Shows inverse relationship between first peak maximum, as fraction, and permeability. b—Shows proportional relationship 
between last peak maximum, as fraction, to permeability. 
 
Method 4 relates curve length to permeability and is known as the PJA equation. It is the curve length, or twistedness, of 
the T2 response that is measured (Fig. 5a and 4b). It is believed that low tortuous, short T2 distributions give rise to high 
permeability. Low tortuous responses have a wide range of porosities, which allows for a high degree of interconnectedness 
and high permeability (Fig. 5a). Highly tortuous, long responses indicate separate, distinct pore systems that are less likely to 
be interconnected, giving rise to low permeability (Fig. 5b). 
 
 
Fig. 5a—Shows low tortuosity, short curve length and high permeability. b—Shows high tortuosity, long curve length and low 
permeability. 
 
The curve length is calculated by measuring the length of the normalised T2 distribution curve and dividing by the distance 
between the two end points. Pythagoras’ theorem is used to calculate the curve length between each T2 distribution 
measurement (of which there are 30 with this NMR tool) and then these are summed to give the total curve length. The 
distance between the end points in this case will be 30 (Fig. 5a and 4b). It was noted that better results were obtained by 
measuring the curve length from one to 19 bins, rather than all 30. It was also noted that multiplying curve length by a factor 
of ten and multiplying by the porosity gave a better permeability prediction. Eq. 10 (kPJA) is the final equation used in this 
method with the constants A, B and C determined empirically. Only the measurements from Eq. 10 and bins one to 19 are 
presented in the results section. 
𝑘𝑃𝐽𝐴 = 𝐴(∅T)
𝐵(10 ∗ 𝐶𝐿)𝐶..................................................................................................................................................... Eq. 10 
where CL is curve length and ∅𝑇 is total porosity. 
Three more methods are investigated that use a combination of dynamic (PLT and DST) and static (NMR) data to provide 
a permeability prediction. Method 5 is an adaptation of the flow zone indicator method mentioned above. In this attempt, PLT 
data is used to split-up the kh values depending on the production rates for each zone. Production rates from PLT data are 
converted to percentages of total production. The kh value from the DST is multiplied by these percentages, thus splitting up 
the kh value between the producing zones accordingly. Eq. 3 through to Eq. 6 are used to evaluate the overall FZI for each 
flowing zone. Setting the difference between this overall FZI and the predicted FZI to zero allows for the derivation of 
FZImicro/meso/macro for each flowing zone. The average of these constants is taken and then applied to Eq. 6 through to Eq. 3 to 
predict permeability for every NMR response. This is a more accurate approach, allowing the average FZImicro/meso/macro values 
to become more refined. This is because the porosity averages are derived from separate flowing zones, rather than averaging 
over the entire perforated interval.  
An attempt was made to refine this prediction further by assuming a linear relationship between porosity and permeability. 
The kh values for each flowing zone were further reduced by converting the porosity of each NMR response to percentages of 
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total porosity, and multiplying this new percentage by the kh values. This assigns a kh value to every NMR reading. Again the 
constants FZImicro/meso/macro were calculated using Eq. 3 through to Eq. 6. Working backwards through Eq. 6 to Eq. 3 gives a 
permeability prediction that has been tailored to each NMR reading. The results of this attempt are not as flexible or as 
accurate as the results of the zones averaging method outlined above. This is likely to be because permeability is not linearly 
related to total porosity in this heterogeneous carbonate system. Assigning the largest porosity value to the largest kh value is 
not necessarily correct; therefore the results are not presented. 
The second of the PLT methods uses a variation of Eq. 6. The same process of splitting up the kh value into separate 
flowing zones is used but Eq. 6 is modified to Eq. 11. Once FZImicro/meso/macro have been calculated Eq. 11 can be reduced to 
three constants multiplying the micro, meso and macro porosity: 
𝐹𝑍𝐼 = (∅𝑚𝑖𝑐𝑟𝑜𝑒
−𝐹𝑍𝐼𝑚𝑖𝑐𝑟𝑜)(∅𝑚𝑒𝑠𝑜𝑒
𝐹𝑍𝐼𝑚𝑒𝑠𝑜)(∅𝑚𝑎𝑐𝑟𝑜𝑒
𝐹𝑍𝐼𝑚𝑎𝑐𝑟𝑜)  ............................................................................................ Eq. 11 
The last method investigated is the procedure presented by Sullivan et al (2006). Here an original permeability prediction is 
shifted over the perforated zones to match the kh value from the DST. This method allows for the preservation of vertical 
resolution, whilst calibrating their magnitudes to DST results (Sullivan et al 2006). The methods involved in doing so are 
presented in more detail by Sullivan et al (2006). The results of this method are not presented as it is a bulk shift method which 
moves an existing prediction up or down to match the kh values from the DST. It was decided that this would not help 
decipher which permeability prediction is most accurate as all methods can be shifted in a similar manner.  
 
Results 
The results from all methods were compared and contrasted. Crossplots of Core, SWC and Minipermeability data with each 
permeability prediction indicate which model fits the laboratory data best. Summing the permeabilities over the perforated 
zones shows which models match the DST best. The best fit model is the one which adheres best to the Core, SWC and 
Minipermeability data, whilst also matching DST kh values. The methods described above have been applied to three wells 
with the results of Well 1 shown in the main body of the report. Well 2 and Well 3 are shown in the Appendix. 
 
Previously applied methods. The results of the Timur-Coates, SDR and the FZI Bulk methods are presented in Fig. 6. The 
Timur-Coates and SDR seem to lie closer to laboratory data than the FZI Bulk method in Fig. 6a. The crossplot of the Timur-
Coates equation, Fig. 6b, shows the largest spread of permeability values, whereas the FZI Bulk method in Fig. 6d shows the 
smallest spread. This suggests the FZI Bulk method is less flexible and groups much tighter than the Timur-Coates method. 
Fig. 6d also shows that the FZI Bulk method predictions are too high when compared to laboratory data. The SDR crossplot, 
Fig. 6c, shows a relatively flat top at around 500 mD, suggesting the SDR equation is not capable of identifying the high 
permeability streaks of this reservoir.  Wells 2 and 3 confirm most of these assumptions; the FZI Bulk is shown to be over-
predicting and the Timur-Coates appears to have a large spread of results, but the SDR does not display the same cap as shown 
here.  
Table 1 shows the differences between actual kh values from DST and the predicted kh values for the three methods. The 
SDR equation gives a much lower kh value than the DST, whereas the FZI Bulk method produces a much higher value. This 
supports our conclusions from Fig. 6 that the SDR does not pick out the high permeability peaks and that the FZI Bulk method 
is averaging far too high. The Timur-Coates equation also produces a rather high kh value of 26 800 mD-m, but when the large 
spike at depth 5258 m of Fig. 6a is removed the kh value drops to 11 770 mD-m. This suggests that the Timur-Coates model is 
perhaps predicting the location of these permeability spikes but over-predicting their magnitude. This is generally because the 
NMR readings do not return to zero after 3000 ms, which creates a very large FFI value in the Timur-Coates equation and in 
turn creates a very high permeability spike. 
The assumptions about the Timur-Coates spiking, FZI Bulk over-predicting and the SDR not picking out high permeability 
zones is confirmed when analysing the kh values of both Well 2 and Well 3 (Table 7). The Timur-Coates shows some very 
high kh values that can be reduced by removing only one or two spikes in permeability over the perforated zones. The FZI 
Bulk method constantly over predicts kh values, confirming it predicts too high a permeability. The SDR kh values always fall 
below the DST minimum kh value, although it is the best prediction for Well 2. 
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Fig. 6 (Well 1) a—Log showing results of Timur Coates, SDR and FZI Bulk methods. b—Crossplot of Timur-Coates permeability with 
Core, SWC and Minipermeability. c—Crossplot of SDR permeability with Core, SWC and Minipermeability. d— Crossplot of FZI Bulk 
method permeability with Core, SWC and Minipermeability. 
 
Table 1—Comparison of Timur-Coates, SDR and FZI Bulk predicted 
kh values and actual DST kh values. (Well 1) 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
Timur-Coates 26 800 / 11 770 6770 12 000 
SDR 2770 6770 12 000 
FZI Bulk 51 680 6770 12 000 
 
Mai and Kantzas (Method 1) The equation presented by Mai and Kantzas (2002) (Eq. 7) was used as an initial permeability 
prediction and then calibrated to laboratory data using the calibration method described above. The constants were calculated 
to be those shown in Eq. 12. This equation was used to produce the permeability-depth log plot in Fig. 7a and the crossplots of 
Fig. 7b and Fig. 7c. 
𝑘 = 0.398(𝐹𝑃)−2.558(𝐿𝑃)3.954 .............................................................................................................................................. Eq. 12 
This equation can be thought of as a fractional version of the FFI/BVI section of the Timur-Coates equation. It does not 
include porosity, but the values of FP and LP as fractions are synonymous with FFI and BVI in the Timur-Coates equation. 
Allowing the FP and LP values to have their own exponents makes this equation more flexible than the FFI/BVI section of the 
Timur-Coates equation. The comparative nature of this equation with the Timur-Coates equation gave rise to the idea of 
introducing porosity into Eq. 12 (Method 2). 
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Fig. 7 (Well 1) a—Log showing results of original Mai and Kantzas (2002) (M and K), calibrated Mai and Kantzas and Timur-Coates 
permeabilities. b—Crossplot of Mai and Kantzas (2002) method with Core, SWC and Minipermeability data. c—Crossplot of calibrated 
Mai and Kantzas method with Core, SWC and Minipermeability data. 
 
Table 2—Comparison of Mai and Kantzas (2002) predicted kh values and 
actual DST kh values. (Well 1) 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
M and K 262 6770 12 000 
Correlated M and K 9880 6770 12 000 
 
It is clear from Fig. 7a and Fig. 7b that the original values presented by Mai and Kantzas (2002) predict a permeability that 
is too low for this reservoir. This is confirmed by the low kh value of 262 mD-m presented in Table 2 and the low kh values 
for Well 2 and Well 3 in Table 7. The Mai and Kantzas model does, however, follow the general trend of the Timur-Coates 
prediction, with the peaks and troughs of permeability matching. 
After calibration of the Mai and Kantzas model the permeability values produce a much more accurate prediction (Fig. 7a 
and Fig. 7c). Again the trend of the Timur-Coates model is followed and a much better result is shown for the kh prediction 
(Table 2 and Table 7). The base line of the correlated Mai and Kantzas method in Fig. 7a is composed of generally higher 
values than the Timur-Coates model, but the peaks do not spike nearly as high which leads to a more accurate prediction of kh 
values. It is also noted that the difference between the peaks and troughs of the original and calibrated Mai and Kantzas 
methods do not vary drastically, indicating that there is more of a bulk shift occurring rather than the equation stretching the 
prediction. Similarities between the Mai and Kantzas and the Timur-Coates methods are found in both Eq. 7 and through the 
results shown in Fig. 7a. It is therefore logical to attempt to include porosity in the Mai and Kantzas model as well.  
 
Calibrated Mai and Kantzas (Method 2) This method incorporates porosity into the calibrated Mai and Kantzas (2002) 
model. Porosity is included as an extra multiplication term with its own empirically derived exponent. After calibration, 
Eq. 13 was formed and used to predict permeability, the results of which are presented in Fig. 8 and Table 3: 
𝑘 = 1.03673(𝐹𝑃)−2.809(𝐿𝑃)4.52(∅𝑇)
0.16 .............................................................................................................................. Eq. 13 
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Fig. 8(Well 1) a—Results showing minor differences between calibrated Mai and Kantzas and Mai and Kantzas model multiplied by 
porosity. b—Crossplot of Mai and Kantzas with porosity against Core, SWC and Minipermeability data. 
 
Table 3—Results of correlated Mai and Kantzas with porosity model. (Well 1) 
Method Predicted Permeability DST kh min, mD-m DST kh max, mD-m 
Correlated M and K with Porosity 36 020 6770 12 000 
 
Fig. 8a shows that this new prediction preserves the shape of the calibrated Mai and Kantzas model and exaggerates the 
high end permeabilities. It matches the calibrated model at low permeabilities but boosts the high permeabilities which leads to 
a very high kh value of 36 020 mD-m for Well 1. This is in detriment to the kh prediction of Well 1, but is seen to help refine 
and boost the kh prediction closer to the DST kh values for Well 2 and Well 3 (Table 7). The prediction also adds a fourth 
constant to be determined empirically which ultimately decreases Eq. 13 versatility and applicability to other reservoirs. 
 
Maximum of Peaks (Method 3) The third method is a completely new model that relates permeability to the maximum points 
in the first and last peaks of the T2 distribution. Eq. 14 shows the results of calibrating Eq. 9. 
𝑘 = 3.247(𝐹𝑃𝐴)−2.331(𝐿𝑃𝐴)4.197 ......................................................................................................................................... Eq. 14 
Eq. 14 produced the dark blue curve shown in Fig. 9a and the crossplot shown in Fig. 9b. The dark blue curve in Fig. 9a shows 
permeability fluctuating in rough concordance with the Timur-Coates model but generally at a higher permeability. This is 
also observed in Fig. 9b where the majority of the data points plot above the 1:1 line. Porosity was included in Eq. 14 to form 
Eq. 15  
𝑘 = 2.196(𝐹𝑃𝐴)−3.015(𝐿𝑃𝐴)1.958(∅𝑇)
1.177 .......................................................................................................................... Eq. 15 
which was used to produce the results shown by the orange curve in Fig. 9a and the crossplot of Fig. 9c. Both Fig. 9a and Fig. 
9c show that introducing porosity into Eq. 14 allowed for a more accurate estimation of permeability. The kh values, shown in 
Table 4 confirm this assumption. On the other hand, Table 7 shows that the introduction of porosity for Well 2 and Well 3 
reduces the kh values too far and they become further away from the DST kh values than the values predicted using Eq. 14. 
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Fig. 9 (Well 1) a—Log showing results of the Maximum Peaks method and Maximum Peaks method with porosity. b—Crossplot of 
Maximum Peaks method with Core, SWC and Minipermeability data. c—Crossplot of Maximum Peaks method and Porosity with Core, 
SWC and Minipermeability data. 
 
Table 4—Results of Maximum of Peaks method and Maximum of Peaks with 
Porosity method compared to DST kh values. 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
Peak Maximums 20 800 6770 12 000 
Peak Maximums and Porosity 9170 6770 12 000 
 
PJA (Method 4) This method relates permeability to the length of the T2 response. Eq. 16 is the result of calibrating Eq. 10 to 
laboratory data.  
𝑘𝑃𝐽𝐴 = 0.555(∅T)
7.776(10 ∗ 𝐶𝐿)8.742 ................................................................................................................................... Eq. 16 
Fig. 10 shows the log plot and crossplot of Eq. 16 applied to Well 1. Here the PJA prediction matches well with core data 
and the Timur-Coates equation. The kh value (Table 5) produced is slightly higher than the top end value from the DST, but is 
still relatively close. This method matches well with the laboratory data for all three wells but its kh values are too low for 
Well 2 and Well 3, as seen in Table 7. Although most areas of the PJA method follow the trend of the Timur-Coates equation, 
there are instances where it predicts permeability to be very different. At depth 5232 m and 5258 m in Fig. 10 it can be seen 
that the PJA method predicts very different permeabilities to the Timur-Coates model. At depth 5232 m it is not possible to 
determine which is correct but depth 5258 m shows two SWC samples which indicate that the PJA method is predicting the 
correct permeability. A similar occurrence happens on Well 3, where the Timur-Coates model is proven correct.  
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Fig. 10 (Well 1) a—Log showing PJA method results. b—Crossplot of PJA method with Core, SWC and Minipermeability data. 
 
Table 5— PJA method kh values compared to DST kh values. (Well 1) 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
PJA 13 750 6770 12 000 
 
FZI from PLT (Method 5) The results of the FZI from PLT method are presented in Fig. 11 from the equations shown in 
Eq. 17 and Eq. 18. Eq. 17 assumes the contribution of micro porosity to permeability is negligible, therefore the micro 
porosity value has been removed to force it to zero. This helps Eq. 17 pickup low-end permeability values. Conversely Eq. 18 
has been allowed to keep its micro porosity value but with a negative exponential. This suggests that micro porosity does not 
increase permeability, but it is the controlling factor in how large the permeability is.  
𝐹𝑍𝐼 = 12.487(∅𝑀𝑒𝑠𝑜) + 10.998(∅𝑀𝑎𝑐𝑟𝑜) ............................................................................................................................ Eq. 17 
𝐹𝑍𝐼 = (∅𝑚𝑖𝑐𝑟𝑜𝑒
−6.561)(∅𝑚𝑒𝑠𝑜𝑒
7.74)(∅𝑚𝑎𝑐𝑟𝑜𝑒
4.565) ............................................................................................................. Eq. 18 
Fig. 11 shows the results of both the FZI from PLT and the method using Eq. 18. It is observed that both of these 
predictions do not have a wide range of variation. The variation of the laboratory data and the Timur-Coates equation is far 
greater than either of the PLT methods, suggesting that they are not flexible enough to account for the variation in 
permeability. The crossplots (Fig. 11b and Fig. 11c) confirm this by showing a relatively tight grouping of data. The kh values 
presented in Table 6 indicate that the values produced by the FZI from PLT method are too high whereas the method using 
Eq. 18 produces values that are too low.  
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Fig. 11 (Well 1) a—Log showing FZI from PLT method and the adapted equation results. b—Crossplot of PLT and FZI method with 
Core, SWC and Minipermeability data. c—Crossplot of new PLT and FZI equation with Core, SWC and Minipermeability data. 
 
Table 6—PLT and FZI method and FZI from new equation method kh values 
compared to DST kh values. (Well 1) 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
PLT and FZI 16 400 6770 12 000 
PLT and FZI EQN Change 660 6770 12 000 
 
 
 
Results summary and discussion. Using Table 7 and the results from all other areas, Table 8 was created to highlight which 
methods are the most accurate and where. Table 8 shows a ranking system for each well where each method is ranked for its 
accuracy to laboratory data, best-fit line gradient and DST kh values. 
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Table 7—kh results of Well 1, Well 2 and Well 3 with corresponding DST kh values. 
Method 
Well 1 
Predicted 
kh, mD-m 
Well 1 DST kh 
min/max, mD-m 
Well 2 
Predicted 
kh, mD-m 
Well 2 DST kh 
min/max, mD-m 
Well 3 
Predicted 
kh, mD-m 
Well 3 DST kh 
min/max, mD-m 
Timur-Coates 26 800 / 11 770 6770 / 12 000 791 150 122 400  / 165 240 27 000 9950 / 11 800 
SDR 2770 6770 / 12 000 46 620 122 400  / 165 240 4360 9950 / 11 800 
FZI Bulk 51 680 6770 / 12 000 230 430 122 400  / 165 240 45 280 9950 / 11 800 
M and K 262 6770 / 12 000 317 122 400  / 165 240 90 9950 / 11 800 
Correlated M and K 9880 6770 / 12 000 11 670 122 400  / 165 240 3110 9950 / 11 800 
Correlated M and K with Porosity 36 020 6770 / 12 000 45 180 122 400  / 165 240 10 530 9950 / 11 800 
Peak Maximums 20 800 6770 / 12 000 31 270 122 400  / 165 240 8320 9950 / 11 800 
Peak Maximums and Porosity 9170 6770 / 12 000 19 280 122 400  / 165 240 2260 9950 / 11 800 
PJA 13 750 6770 / 12 000 12 960 122 400  / 165 240 1160 9950 / 11 800 
FZI and PLT 16 400 6770 / 12 000 34 820 122 400  / 165 240 7920 9950 / 11 800 
FZI and PLT EQN Change 660 6770 / 12 000 15 920 122 400  / 165 240 5490 9950 / 11 800 
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The most accurate method in determining kh values is the method whose predicted kh value is closest to the average of the 
DST kh values. Each method has been ranked, with the most accurate method receiving a value of one, through to the least 
accurate method receiving a value of 11. 
Table 8 also shows the ranking for how close the crossplot gradient of each method is to one. To determine this, a best fit 
line is applied to each crossplot. It follows the theory that if all permeability predictions matched all of the laboratory data then 
the gradient of the line would be one and all of the data points would lie on the line. Therefore the highest ranked method is 
that for which the crossplot gradient is closest to one. 
In addition to the gradient ranking system a final ranking scheme is employed. This method takes the percentage difference 
between predicted and laboratory permeabilities. The difference is squared, to remove any negative values, and then summed. 
The method with the lowest summation will be the method that predicts permeabilities closest to laboratory permeabilities. 
The results of these are ranked, with the most accurate receiving a value of one and the least accurate a value of 11. These 
three ranking methods are summed to give an overall ranking for each method (Final Rank, Table 8).  
 
Table 8—Ranking of accuracy for each well and each method.  
 
Well 1 Well 2 Well 3 All Wells 
Method 
Laboratory 
Data 
kh 
Values Gradient 
Laboratory 
Data 
kh 
Values Gradient 
Laboratory 
Data 
kh 
Values Gradient 
Final 
Rank 
Timur-Coates 11 9 3 11 11 1 4 10 2 8 
SDR  3 4 1 3 2 7 5 5 7 2 
FZI Bulk  10 11 11 8 1 11 10 11 11 11 
M and K 1 7 4 1 10 3 1 9 3 3 
Correlated M and K 5 2 7 6 9 4 9 6 4 5 
Correlated M and K with 
Porosity 
9 10 9 9 3 6 11 1 6 9 
Peak Maximums 8 8 10 10 5 9 8 2 8 10 
Peak Maximums and 
Porosity 
6 1 8 7 6 5 3 7 5 4 
PJA  2 3 2 2 8 2 2 8 1 1 
FZI and PLT 7 5 5 4 4 10 6 3 10 6 
FZI and PLT EQN Change 4 6 6 5 7 8 7 4 9 7 
 
The FZI Bulk method is ranked in last place overall, making it the least accurate method tested. It consistently over-
predicts laboratory and kh values, and has a very steep gradient. It does obtain the best kh match for Well 2, but this is because 
it is averaging at such high permeabilities which sum to match the high DST kh values. This equation does not show the 
variation in high and low permeabilities that are apparent in the laboratory data for this field.  
The Peak Maximums equation is ranked in tenth place overall. It shows very low accuracy to both the laboratory data and 
the best-fit gradient. Its kh prediction for Well 1 is very poor but an improvement is observed for Well 3. The general trend of 
the Peak Maximums method follows that of the Timur-Coates equation, with peaks and troughs occurring roughly at the same 
locations. This suggests that the ratio of first to last peak amplitudes is the controlling factor on permeability, indicating that 
there is little dependence on the ratio of free to bound fluid. 
The correlated Mai and Kantzas with Porosity method is ranked in ninth place overall. Generally it gives the most accurate 
kh prediction for all three of the Mai and Kantzas methods but is the least accurate for laboratory data and the best-fit gradient. 
It is clear from Fig. 8a that including porosity in the equation has tied the low end permeabilities to the calibrated Mai and 
Kantzas model, whilst stretching the high permeability values. This would be a more accurate prediction if the inclusion of 
porosity tied the high end permeabilities to the calibrated Mai and Kantzas model and lowered the low end values to that of the 
original Mai and Kantzas model. 
The Timur-Coates equation is ranked in eighth place overall. It consistently shows a fairly accurate gradient but suffers 
from inaccuracy with laboratory data and over-predicting of kh values. By setting a limit to the maximum FFI value in the 
Timur-Coates equation it may be possible to reduce the magnitude of the high permeability streaks and obtain a better 
prediction using this method. This has not been attempted in this paper. 
The FZI from PLT new equation method is ranked in seventh place overall. It shows an increase in accuracy of the best-fit 
gradient but a general decrease in accuracy of kh values and accuracy to laboratory data, when compared to the original 
equation used for FZI from PLT. The variation in high and low permeabilities is not large enough to match the range of 
laboratory values and DST kh results.  
The FZI from PLT original equation method is ranked in sixth place overall. It is a better prediction than the new FZI from 
PLT equation as the laboratory data and kh values from DST are closer to this prediction. Again there is not enough variation 
in the high and low permeability values, which produces the poor results shown in Fig. 11 where the majority of the 
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permeability prediction line is greater than the laboratory values. These poor results may be due to the low quality and noisy 
PLT data, which is difficult to interpret accurately. If a less noisy PLT was obtained this method could increase in accuracy.  
The correlated Mai and Kantzas method is ranked in fifth place overall. It has an increased accuracy of kh prediction for 
every well but loses accuracy in both its laboratory data matching and its best-fit gradient, when compared to the original Mai 
and Kantzas method. This is because changing the constants in the equation, through correlation with laboratory data, has 
produced more of a bulk shift, which has led to the increased accuracy of the kh prediction but reduced accuracy of the 
laboratory data and the best-fit gradient. Perhaps constraining this equation to the low end permeabilities yet allowing it to still 
reach the high values will lead to a better permeability prediction. 
The Peak Maximums with Porosity equation is ranked in fourth place overall. The inclusion of porosity in this equation has 
improved the accuracy to the laboratory data and the best-fit gradient for all three wells, in comparison to the original Peak 
Maximums method. Unfortunately it has also decreased the accuracy of the kh prediction for both Well 2 and Well 3. 
Generally the high permeability values have been preserved but the baseline permeability has been shifted to be more in line 
with laboratory data. This equation is very similar to the Timur-Coates equation, with the FFI and BVI sections of the Timur-
Coates having been replaced with the magnitude of the amplitudes of the first and last peaks. The ranking of this equation is 
better than that of the Timur-Coates, which confirms the assumption that the ratio of first to last peak amplitude magnitudes is 
the controlling factor on permeability. 
The Mai and Kantzas original method is ranked in third place overall. It always gives the best laboratory data match and 
shows an accurate gradient, but is impaired by its poor kh values. It is believed that this method matches the laboratory data 
best because it produces the lowest average permeability prediction. It is very difficult to obtain the high permeability 
laboratory measurements for this field as the samples often crumble before any readings can be taken. This skews the 
laboratory data to favour low permeability predictions, which allows the Mai and Kantzas method to be the most accurate to 
laboratory data, yet one of the least accurate in kh calculations. 
 
Fig. 12—Log showing PJA and SDR results with Core and SWC data. a—Well 1. b—Well 2. c—Well 3. 
 The SDR equation is ranked in second place overall. It shows relatively high accuracy to laboratory and kh values but is 
less accurate in Well 2 and Well 3 for its gradient. It is arguably the best all-round method for determining the kh values, but 
occasionally it does not identify large peaks in permeability. Removing the gradient ranking system allows the SDR equation 
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to rank in first position, suggesting it is in close contention with the PJA method for being the best permeability prediction in 
this field. 
The PJA method is ranked first overall. It is always in the top three places for both its accuracy with laboratory data and 
having its gradient close to one for all three wells. It is however only the eighth best kh prediction for both Well 2 and Well 3 
showing that its high rank comes from the accuracy to laboratory data and the best-fit gradient. The PJA method displays 
many similarities with the Timur-Coates, with peaks and troughs occurring at similar locations. The PJA method is better at 
correctly predicting the magnitude of the permeability spikes. If the gradient ranking system is removed from Table 8 then the 
SDR method falls into first place, but if the laboratory ranking or the kh ranking is removed then the PJA method remains in 
first position.  
Fig. 12 shows the log plots of Well 1, Well 2 and Well 3. The SDR equation is very similar to the PJA method for Well 1 
(Fig. 12a), but the PJA method is slightly more accurate for the laboratory data and kh values (Table 8). Well 2 and Well 3 
both show the SDR tracking at slightly higher permeabilities than the PJA method. This is confirmed in Table 7, as the SDR 
method is more accurate for the DST kh values but less accurate for the laboratory data. From this comparison it is difficult to 
define the best permeability prediction. The PJA method is closer to laboratory data but the SDR equation matches the kh 
values best. The equations are very similar; both require just three constants to be derived empirically, which makes them 
versatile. Ideally, a history matching exercise would be implemented to try and decipher which method produces the best 
results. Unfortunately that is beyond the scope of this project. Combining the SDR and PJA equations to form a single 
equation that relates permeability to the T2LM, PJA and porosity may lead to a more accurate prediction. 
All of the methods described, with the exception of the PLT methods, require calibration to Core, SWC and 
Minipermeametre data. This will decrease the versatility of these equations. It is possible that each equation will require 
recalibration to different fields using the laboratory data for those fields. If the laboratory data does not exist for the field in 
question then the constants presented in this paper can be used, as they are the most accurate for this carbonate reservoir.  
 
Conclusions 
Eleven methods have been applied to a heterogeneous carbonate reservoir with the aim of increasing the accuracy of the 
permeability prediction. In doing so, several existing and new methods have been tested and adapted to form the best 
permeability prediction method.  
The PJA and SDR methods are found to be the most accurate in determining permeability from NMR logs. Both the PJA 
and SDR methods match the laboratory data whilst adhering closely to the DST kh values. The PJA method ranks highest of 
all the techniques attempted. It is the only method that ranks higher than the SDR equation.  However, while the PJA method 
is more accurate than the SDR method in matching laboratory data, the SDR method matches the kh values more accurately 
than the PJA method. As the PJA and SDR methods produce similar results, it is difficult to decide which method is best. 
This study has shown that calculating permeability measurements and predictions for this heterogeneous carbonate field 
using NMR data remains problematic. Despite several attempts, permeability can still not be represented accurately using the 
NMR log alone nor in conjunction with PLT data. This study has, however, led to several interesting observations. Similarities 
between the FFI and BVI section of the Timur-Coates equation and the Mai and Kantzas method are apparent. It was also 
evident that the ratio of the first peak magnitude to the second peak magnitude can produce very similar results to the Timur-
Coates equation, suggesting that permeability is more closely related to the first and last peaks magnitudes than the total free to 
bound fluid. The introduction of T2 distribution curve length has led to the hypothesis that highly tortuous, long distributions 
imply separate, distinct, unconnected pore systems, whereas low tortuous distributions imply a wide range of porosities which 
give rise to high permeabilities. Notably, all methods require calibration to either laboratory data or PLT measurements, which 
makes the constants of each equation unique to individual reservoirs. 
In addition to these observations, this paper outlines several suggestions for improving the accuracy of the permeability 
prediction. Using less noisy PLT data could lead to an increase in accuracy of both FZI from PLT methods. It is also 
recommended that a history match is undertaken to help decipher whether the PJA or the SDR method is most representative 
of this heterogeneous carbonate reservoir. An equation combining both the PJA and SDR methods should be tested to attempt 
to increase the accuracy of the permeability prediction further. 
 
Nomenclature 
A Constant 
B Constant 
BVI Bulk volume irreducible 
C Constant 
CL Curve Length of T2 distribution 
FFI Free fluid index 
FP Sum of first peak as a fraction 
FPA Magnitude of first peak amplitude as a fraction 
FZI Flow zone indicator 
FZImacro Macro porous flow zone indicator 
FZImeso Meso porous flow zone indicator 
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FZImicro Micro porous flow zone indicator 
k Permeability, [mD] 
LP Sum of last peak as a fraction 
LPA Magnitude of last peak amplitude as a fraction 
RQI Rock quality index 
T1 Longitudinal relaxation time [ms] 
T2 Transverse relaxation time [ms] 
T2cutoff T2 value separating bound and free fluid proportion [ms] 
T2LM Logarithmic mean of T2 
ØMacro Percentage of macro porosity as fraction 
ØMeso Percentage of meso porosity as fraction 
ØMicro Percentage of micro porosity as fraction 
Ør Reduced Porosity  
ØT Total porosity as fraction 
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APPENDIX A: CRITICAL LITERATURE MILESTONES TABLE 
 
Paper Year Title Authors Contribution 
Log Analyst 
(July- 
August) 
1968 An Investigation of 
Permeability, Porosity & 
Residual Water Saturation 
Relationships for Sandstone 
Reservoirs 
Timur, A Foundation equation for calculating 
permeability using irreducible water saturation 
and porosity. Methods describing calibration 
process. 
Log Analyst 
(January-
February) 
1969 Producible Porosity and 
Permeability of Sandstones 
Investigated through 
Nuclear Magnetic 
Resonance 
Timur, A. 
 
Investigates the link between FFI and 
producible porosity. Forms a plot of FFI versus 
porosity for quick and simple estimation of 
permeability. 
Log Analyst 
(September-
October) 
1972 Nuclear Magnetic 
Resonance Study of 
Carbonate Rocks  
Timur, A. 
 
First research of relaxation times in carbonate 
rocks. Also states that porosity may be 
considered equal to FFI 
SPWLA 
(June) 
1994 Effective Porosity, 
Producible Fluid and 
Permeability in Carbonates 
from NMR Logging 
Chang, D., 
Vinegar, H., 
Morriss, C., 
Straley, C. 
Suggests using 750 ms cutoff time as vuggy 
porosity only contributes weakly to fluid flow. 
Shows relationship between permeability and 
cementation factor (m). 
SPE 38734 1997 A New NMR Interpretation 
Technique using Error 
Minimization with Variable 
T2 Cutoff 
Oraby, M., 
Chafai, N., 
Hussing, R.B., 
Massengill, 
D.R., Clark, 
J.S., Pletcher D. 
New T2 Cutoff technique that uses a lithology 
dependant T2 cutoff. Timur-Coates equation is 
used along with this varying lithology 
dependant T2 cutoff. 
SPE 68085 2001 Calibration of Permeability 
Derived from NMR Logs in 
Carbonate Reservoirs 
Amabeoku, 
M.O., Funk, J.J., 
Al-Dossary, 
S.M., and Al-
Ali, H.A. 
Detailed description of the processes required 
in calibrating the Timur-Coates equation 
 𝑘 = 𝐴 [(
∅
10
)
2
(
𝐹𝐹𝐼
𝐵𝑉𝐼
)]
2
 or the SDR 
equation 𝑘 = 𝑎∅4𝑇2𝑙𝑚
2  to core and laboratory 
data. 
SPE 77401 2002 An Evaluation of the 
Application of Low Field 
NMR in the Characterization 
of Carbonate Reservoirs 
Mai, A., 
Kantzas A. 
First to relate permeability to the amplitude of 
the sums of the first and last peaks as fractions.  
SPE 88683 2004 Comparison of Permeability 
Predictors from NMR, 
Formation Image and other 
Logs in a Carbonate 
Reservoir 
Hassall, J.K., 
Ferraris, P., Al-
Raisi, M., 
Hurley, N. F., 
Boyd, A., Allen, 
D. F. 
Combines image porosity with NMR porosity 
to adapt the original SDR equation and form a 
new permeability prediction.  
SPE 102894 2006 Permeability from 
Production Logs – Method 
and Application 
Sullivan, M.J., 
Belanger, D.L., 
Skalinski, M.T., 
Jenkins, S.D., 
Dunn, P. 
First to use PLT logs as a bulk shift over 
flowing zones. Utilises old permeability 
models and boosts the result to match DST 
results, which helps to pick out high 
permeability spikes. 
SPE 101176 2006 A New Porosity 
Partitioning-Based 
Methodology for 
Permeability and Texture 
Analysis in Abu Dhabi 
Carbonates 
Al Arfi, S., 
Heliot, D., li, J., 
Zhan, X., Allen, 
D. 
Comes up with the idea of partitioning porosity 
into three pore size categories. Uses two 
equations to calculate permeability, switching 
between the two, depending on volume of 
macro-porosity. 
SEG July-
August 
2006 Permeability Prediction 
from MICP and NMR data 
using an Electrokinetic 
approach 
Glover, P.W.J., 
Zadjali, I.I., 
Frew, K.A. 
First to form an equation calculating 
permeability from a combination of MICP and 
NMR data through knowledge of pore and pore 
throat sizes. 
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APPENDIX B: CRITICAL LITERATURE REVIEWS  
 
The Log Analyst, July - August 1968 
Presented at the 9th Annual SPWLA Logging Symposium, New Orleans, Louisiana. 
 
Title: An Investigation of Permeability, Porosity & Residual Water Saturation Relationships for Sandstone Reservoirs 
 
Authors: Timur, A. 
 
Contribution to the understanding of permeability predictions: Gives the foundation equation for calculating permeability 
from knowledge of irreducible water saturation and porosity. This equation was formulated for sandstones and not carbonates. 
 
Objective of the paper: To establish a quantitative relationship to determine permeability through knowledge of porosity and 
irreducible water saturation.  
  
Methodology used: Started with the Kozeny equation 
𝐾 =A 
∅3
𝑆2
 
Then moved on to create a generalized formula 
𝐾 =A 
∅𝐵
𝑆𝑤𝑖𝑟𝑟
𝐶  
Where the parameters A, B and C are determined statistically 
Later the equation becomes: 
𝐾 =b2 (𝑣)𝑏1 
where v is different combinations of porosity and Swirr.  
 
The above equation was reduced to its linear form by taking the log of both sides. The Reduced Major Axis (RMA) method 
was then used to obtain b1 and b2. It was found that  
∅
4.4
𝑆𝑤𝑖𝑟𝑟
2  was the best estimator of permeability. These relationships were 
then tested against four wells from three different fields. Log-log plots of permeability from cores were plotted against  
∅
4.4
𝑆𝑤𝑖𝑟𝑟
2   
Conclusion reached: Porosity is a better predictor of permeability than irreducible water saturation.  
 
The equation below was found to be the most general form of permeability prediction, falling within all of the error bars on the 
log-log plots, although more exact models can be created through altering b1 and b2 for specific reservoirs. 
𝐾 =0.136 
∅4.4
𝑆𝑤𝑖𝑟𝑟
2  
A plot of Swirr versus porosity was made, showing a range of permeabilities that correspond to these values, thus giving a quick 
and simple estimate of permeability from knowledge of porosity and irreducible water saturation.  
 
Comments: This paper shows a relatively simple yet effective method for determining permeabilities in sandstone reservoirs. 
If there is little knowledge of the reservoir then the above relationship can be used, otherwise methods described within can 
help formulate a more representative equation.  
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The Log Analyst, January-February, 1969 
Presented at the 9th Annual SPWLA Logging Symposium, New Orleans, USA, 23-26 June 1968. 
 
Title: Producible Porosity and Permeability of Sandstones Investigated through Nuclear Magnetic Resonance 
 
Authors: Timur, A. 
 
Contribution to the understanding of permeability predictions: Highlights the techniques involved in creating 
permeability predictions from NMR, but no mention of its applicability to carbonate fields. 
  
Objective of the paper: To relate producible porosity and specific permeability to some logging tool parameters through 
laboratory measurements on sandstones. Investigate the possible correlation between Free Fluid Index (FFI) (from NMR) and 
Producible Porosity. 
  
Methodology used: Seevers equation 
𝐾 = 𝐴 ∝ 
 
was modified to  
𝐾 = 𝐴 ∝𝑠 
 
to determine K (permeability). α is the NMR parameter, A and s are empirical constants for each field. 
∝= 𝐹𝐹𝐼 [
𝑇1𝑇𝐵
𝑇𝐵 − 𝑇1
]
2
 
Plots of log-K versus log α were made and used to evaluate the constants A and s. Reduced Major Axis (RMA) analysis is used 
to determine standard errors and regression coefficients.  
 
A similar method was used for determining the constants B and T in the equation  
𝐾 = 𝐵𝛽𝑇 
Where β is: 
𝛽 =
∅4.4
104 [1 −
1.4𝐹𝐹𝐼 − 3.2
∅ ]
2 
From plots it can be shown which parameter, α or β yields a better prediction for K  
 
Conclusion reached: Permeability of sandstones can be estimated from knowledge of either α or β. It was noted that if one 
equation had to be used β provided a more accurate estimation of permeability in most cases. The general equation that has 
been evaluated is: 
𝐾 = 0.381 [
∅4.4
104 [1 −
1.4𝐹𝐹𝐼 − 3.2
∅ ]
2]
0.83
 
 
A plot of FFI versus porosity has also been constructed, giving a quick estimation of permeability in the knowledge of FFI and 
porosity. 
 
Comments: This paper shows a valid method for calculating permeability in sandstone units. However it does not discuss 
heterogeneity or comment on its possible uses in carbonate reservoirs. The same method may be applicable to carbonates. It 
strongly links FFI and producible porosity.   
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Journal of Petroleum Technology, June 1969 
Volume 21, Issue 6, Pages: 775-786. 
 
Title: Pulsed Nuclear Magnetic Resonance Studies of Porosity, Movable Fluid, and Permeability of Sandstones 
 
Authors: Timur, A. 
 
Contribution to the understanding of permeability predictions: Good basic background and fundamental equations that 
describe techniques for NMR calculations of permeability, porosity and water saturation.  Defines that, ‘the larger the 
relaxation time, the smaller the corresponding surface to volume ratios and the larger the pores’. 
  
Objective of the paper: Create a simple model of porous media through analysis of pulsed NMR measurements. The paper 
discusses applications to determine volume of moveable fluid and specific permeability of sandstones. Determine critical 
relaxation time and relate it to FFI.  
 
Methodology used: Permeability was calculated on 154 samples from three fields. Bulk spin lattice relaxation time Tb and 
longer relaxation time 𝑇1𝐿  are measured to calculate α from: 
𝛼 = 𝐹𝐹𝐼 (
𝑇1𝐿𝑇𝑏
𝑇𝑏 − 𝑇1𝐿
)
2
 
Permeability is calculated through α by taking the log of the below equation and using the Reduced Major Axis (RMA) 
method to evaluate empirical constants s and A. 
𝐾 = 𝐴𝛼𝑠 
A similar method is employed for the estimation of permeability through β: 
𝛽 =
∅4.4
104 [1 −
𝑎(𝐹𝐹𝐼) + 𝑏
∅
]
2 
using the logarithmic and RMA of: 
𝑘 = 𝐵𝛽𝑡 
where B and t are empirical constants. 
 
Conclusion reached: The parameter α is dependent on surface and textural parameters, therefore working well for uniform 
rock surface properties. When α fails, β is a good estimator of permeability.  
 
The three component NMR model is better than the two component model in all cases, but it has been shown that the 
contribution of pores with large surface to volume ratios is not significant. The paper also states that calibration for each field 
is required for NMR calculations.  
 
Comments: This paper shows a method for calculating permeability in sandstone units, however it does not discuss 
heterogeneity or comment on its possible uses in carbonate reservoirs. It gives the background to NMR permeability 
calculations and shows the method required for sandstone fields. - 
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The Log Analyst, September-October, 1972 
 
Title: Nuclear Magnetic Resonance Study of Carbonate Rocks  
 
Author: Timur, A. 
 
Contribution to the understanding of permeability predictions:  None – although this paper discusses carbonate rocks it 
does not mention permeability calculations. It gives a detailed method of porosity calculation and states that dolomite does not 
affect porosity predictions.  
  
Objective of the paper: To determine the feasibility of using free fluid index (FFI) in estimating porosity of carbonate rocks. 
The paper uses the three component NMR method developed earlier by Timur (1969), but with carbonate rocks.   
 
Methodology used: Follows the three component NMR method set out by Timur (1969).  
 
Conclusion reached: Carbonate rock surfaces are only one seventh as effective as sandstone surfaces in increasing the 
relaxation rates of hydrogen.  
 
FFI is an excellent predictor of carbonate porosity, regardless of limestone to dolomite ratio. Porosity may be considered equal 
to FFI. 
  
Comments: No discussion of permeability but the research into the effects of relaxation rates and FFI in carbonates will prove 
useful in later studies, i.e. the Timur-Coates equation. Mentions dolomite having no effect on porosity calculations but it is 
possible the presence of dolomite will have a significant effect on permeability. 
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SPE 19604, 1991 
First presented at the 1989 SPE Annual Technical Conference and Exhibition, San Antonio, 8-11 October 
 
Title: Permeability Estimation: The Various Sources and Their Interrelationships 
 
Authors: Ahmed, U., Crary, S.F., Coates, G.R. 
 
Contribution to the understanding of permeability predictions: This paper gives an overview of the various techniques and 
methods used in calculating permeability (core, log and well test). It highlights scaling issues and the various uses of each 
method and how these methods can be combined to form a final decision on the flow properties of the reservoir.  
  
Objective of the paper: To summarise the main methods of calculating permeability and integrate these methods, even with 
their varying scales. The paper aims to form an interrelationship between all techniques of permeability estimation for 
commercial use.  
 
Methodology used: Initially qualitative relationships were formed between three different methods of permeability prediction. 
A quantitative method was then created, through arithmetic averaging, to relate core and log permeability to well test 
permeability: 
(𝜂)𝑤𝑡
𝑘𝑟ℎℎ𝑆ℎ
= ∑ 𝐹𝑖𝑘𝑖ℎ𝑖
𝑁
𝑖=1
 
Two example fields were investigated to compare the permeabilities from logs, cores and well tests. 
 
Conclusion reached: Interrelationships depend on scales, environment and physics (which scale is measured). Integration of 
information with regards to the three parameters usually results in better correlations. Well test data provides the best 
formation permeability, whereas log and core analysis yield a layer by layer definition of permeability (ratios between layers 
can be formed through knowledge of individual layer permeabilities, which is useful in reservoir characterisation and 
production analysis).  
 
Comments: This paper gives a good background to the various permeability measurement techniques and shows a method for 
averaging them. It highlights the fact that well test is best for overall reservoir permeability characterisation and shows that log 
and core are the best techniques for a layer by layer permeability calculation.   
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SPWLA, June, 1991 
Presented at the 32nd Annual Logging Symposium, June 16-19. 
 
Title: The MRIL in Conoco 33-1: An Investigation of a New Magnetic Resonance Imaging Tool 
 
Authors: G.R. Coates, M. Miller, M. Gillen, G. Henderson 
 
Contribution to the understanding of permeability predictions: Presents the calculation of permeability using the Coates 
free-fluid relationship and shows its effectiveness. The paper also summarises the MRIL (Magnetic Resonance Imaging Log).  
  
Objective of the paper: To cover the background of MRIL and highlight its main use in industry, discussing the basic 
information provided by MRIL. 
 
Methodology used: With regards to permeability the Coates free-fluid relationship and method is used. 
 
Conclusion reached: The MRIL provides direct measurements of the bulk volume of irreducible water in effective pore space 
– which can be related to permeability through the Coates free-fluid equation. It also concludes that the MRIL tool provides a 
reasonable determination of permeability in clastic rocks.  
 
Comments: This paper gave an overview of the MRIL tool. It highlights the practical applications of the tool and its ease of 
use. It shows an industry use and method for the Coates free-fluid relationship in calculating permeability. 
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SPWLA, June, 1994 
Presented at the 35th Annual Logging Symposium, 19-22 June. 
 
Title: Effective Porosity, Producible Fluid and Permeability in Carbonates from NMR Logging 
 
Authors: Chang, D., Vinegar, H., Morriss, C., Straley, C. 
 
Contribution to the understanding of permeability predictions: Discusses the use of applying T2 cutoff times and uses 
experimental data to back this up. The paper highlights the main problems associated with highly vuggy carbonate rocks and 
the difficulties presented in calculating permeability. The paper discusses a background as to how CMR is run. It also shows a 
relationship between permeability and cementation factor (m) and suggests a weak link between vuggy porosity and fluid flow.  
  
Objective of the paper: To use the CMR tool to assist in the formation evaluation of two carbonates in West Texas. Use 
CMR to determine porosity and permeability, through calculating the T2 cut off values.  
 
Methodology used: Permeability was calculated by fitting parameters to the equation (from Timur) 
𝑘~∅4𝑇2
2 
A T2 cut off of 750 ms is applied to the above equation and used to plot a graph of kair versus (ØNMR(750))
4
(T2(750))
2
 to obtain the 
prefactor, in this case 4.75. 
 
Conclusion reached: In complex carbonate reservoirs the CMR tool provides a lithology-independent porosity measurement. 
The CMR was used to calculate the OWC. CMR was used to improve correlations between permeability and cementation 
factor (m).  Vuggy porosity contributes weakly to fluid flow.  
 
Comments: Paper was more of a case study and showed how to compute T2 cut off values, which will prove useful. It also 
introduces the idea of relating cementation factor to permeability.   
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SPE 36852, 1996 
Presented at the 1996 SPE European Petroleum Conference, Milan, Italy, 22-24 October 
 
Title: Determination of Petrophysical Properties of Carbonate rocks by NMR Relaxometry 
 
Authors: Lyne, A., Varini, G., and Ghilardotti, G. 
 
Contribution to the understanding of permeability predictions: Significant, as it covers permeability as well as irreducible 
water saturation and porosity predictions for carbonate rocks. Mentions T2 and why it is used as a measure for permeability. 
States that permeability and T2 are dependent on surface to volume ratio. 
  
Objective of the paper: To present the results of a petrophysical analysis on two carbonate reservoirs from NMR.  Apply the 
classical techniques of NMR with sandstone reservoirs to these carbonate fields to try and predict permeability. 
 
Methodology used: Measuring T2 relaxation time for two carbonate reservoirs and applying the Klinkenberg correction. They 
try to use the rule that both permeability and T2 are dependent on surface to volume ratios (like that of sandstones) and use the 
formula  
𝑘 = 𝐴∅𝐵𝑇2𝑔
𝐶  
Defining the Parameters A, B and C from above (using the RMA method) allows for the determination of permeability, 
knowing T2 and porosity. 
 
The reservoir was then split into its separate lithologies to further improve the permeability prediction.  
   
Conclusion reached: The above equation can be very useful in estimating permeability for non vuggy and low heterogeneous 
carbonate reservoirs, once calibration (calculation of A, B and C) has been completed. It is not however a good prediction of 
heterogeneous, vuggy reservoirs as there is little correlation between pore-node and pore-throat sizes. The paper also shows 
that splitting a reservoir into its main lithofacies can improve the estimate of permeability.   
 
Comments: This paper presents a solid method and argument for permeability calculation of carbonate rocks. It highlights the 
difficulties presented in estimating permeability of vuggy and heterogeneous reservoirs. Good definitions and background to 
NMR, T2 and logging.  
34  Heterogeneous Carbonate Permeability Prediction from NMR Logging Tool 
SPE 38734, 1997 
Presented at the 1997 SPE Annual technical Conference and Exhibition, San Antonio, Texas, USA, 5-8 October. 
 
Title: A New NMR Interpretation Technique using Error Minimization with Variable T2 Cutoff 
 
Authors: Oraby, M., Chafai, N., Hussing, R.B., Massengill, D.R., Clark, J.S., Pletcher D. 
 
Contribution to the understanding of permeability predictions: Not substantial, more a description of a variable T2 cut-off 
derived from lithology characterisation using a combination of logs. The separate T2 values are applied to the NMR data 
depending on which lithology is present. 
  
Objective of the paper: Proposes a new T2 cut-off method, derived from lithology and tests its permeability prediction 
capabilities on two wells for two different heterogeneous carbonate fields. The aim was to show how the use of lithology 
independent T2 cut-off values affects permeability predictions.  
 
Methodology used: An error minimization technique (weighted least squares) was used to optimise the incoherent function. 
This allows calculation of formation lithology. The lithology volume was used in conjunction with estimates of T2 for each 
zone to create a linear correlation, allowing one value of T2 cut off to be computed for every zone. The Timur-Coates equation 
is used along with these varying  T2 cutoff values to derive a permeability prediction.  
 
Conclusion reached: Error minimisation technique with variable T2 cut-off provided a more accurate estimation of 
permeability than applying a single cut-off value. The variable T2 cut-off solution should be used in carbonate reservoirs, 
especially heterogeneous zones. In some cases, Non-linear relationships of the T2 cut-off may be required.   
 
Comments: This technique looks applicable and may be of use but this study is only concerned with data from the PLT, DST 
and NMR. A variable T2 cut-off technique, that varies T2 cut-off by the shape of the distribution rather than through lithology 
determination, is already used in this study.  
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SPE63138, 2000 
Presented at the 2000 SPE Annual Technical Conference and Exhibition, Dallas, Texas, USA, 1-4 October. 
 
Title: So What is the Reservoir Permeability 
 
Authors: Haddad, S., Cribbs, M., Sagar, R., Viro, E., Castelijins, K., Tang, Y. 
 
Contribution to the understanding of permeability predictions: This paper is a case study that highlights the links between 
MDT, DST and NMR permeability predictions and how they can be used to evaluate a reservoir. 
  
Objective of the paper: Evaluate permeability from a variety of sources, NMR, DST, MDT and Core data to show how they 
can be used in combination to form a single reservoir model. The objective is also to highlight what factors affect each 
method. 
 
Methodology used: With regards to NMR, the Timur-Coates method was used and compared to core data. Permeability 
models were created through numerical simulations to demonstrate how NMR data can be used to model permeability in 
reservoirs. This was compared to models created from MDT and PVT data. 
 
Conclusion reached: CMR is very useful in providing vertical resolution of permeability, something DST and MDT cannot 
capture as easily. DST is still required to validate the results from NMR.  
 
Comments: This is more of a case study, using MDT and DST results to validate NMR predictions. 
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SPE 68085, 2001 
 
Title: Calibration of Permeability Derived from NMR Logs in Carbonate Reservoirs 
 
Authors: Amabeoku, M.O., Funk, J.J., Al-Dossary, S.M., and Al-Ali, H.A. 
 
Contribution to the understanding of permeability predictions: Paper presents the method for calculating permeability 
from NMR logs by first calibrating the Timur-Coates equation 𝑘 = 𝐴 [(
∅
10
)
2
(
𝐹𝐹𝐼
𝐵𝑉𝐼
)]
2
 or the SDR equation 𝑘 = 𝑎∅4𝑇2𝑙𝑚
2 . 
Calibration is done by calibrating laboratory NMR permeabilities to core permeabilities. This tailors the constants in the above 
two equations. 
 
Objective of the paper: To discuss how to calibrate the Timur-Coates and SDR equations to core and laboratory data. The 
paper presents three examples, two using the SDR equation and one using the Timur-Coates equation. 
 
Methodology used: Initially a plot of air permeability versus NMR permeability from the SDR equation is created. Then the 
SDR equation is calibrated to core and laboratory data. Finally the new correlated NMR permeability is plotted against the 
original air permeability. The correlated NMR permeability equation is used with the NMR log and compared to core 
permeability over three sections.  
 
The Timur-Coates method requires a different calibration. Here the permeability is calculated from the mobility of the fluid 
(with knowledge of the viscosity). This permeability is used to calibrate the Timur-Coates equation. The new Timur-Coates 
equation is applied to the NMR log and the results are compared to core permeability. 
 
Conclusion reached: Calibration of the Timur-Coates and SDR equations increases the accuracy of permeability prediction. It 
is proposed that the accuracy could be further increased by splitting the reservoir into its facies types and creating several 
calibrations. 
 
Comments: Good detail on how to calibrate NMR permeability using core samples. Suggests there is not a universal equation 
that is applicable to a variety of reservoirs. This is not a field specific model; it is more of a well by well correlation. The 
ultimate objective would be to develop a single model that is applicable to an entire field. The calibration methods described 
here are similar to the methods used in this report.  
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SPE 75687, 2002 
Presented at the SPE Gas Technology Symposium, Calgary, Alberta, Canada, 30 April-2 May 
 
Title: On the Characterization of Carbonate Reservoirs Using Low Field NMR Tools  
  
Authors: Mai A., Kantzas, A. 
 
Contribution to the understanding of permeability predictions: More of a discussion on how to determine T2 cutoff times 
through laboratory experiments. This paper highlights how to divide carbonate rocks into groups depending on their 
differences in NMR relaxation times at saturated and irreducible conditions. 
  
Objective of the paper: To highlight new practices involved in using NMR readings to characterise carbonate rocks and 
calculate porosity and water saturations through knowledge of their T2 cutoff times.  
 
Methodology used: 80 samples were collected from six different fields. Each sample was measured at saturated and 
irreducible (after intense spinning) conditions to calculate core porosities and water saturations for comparison with NMR 
measurements. The saturated and irreducible samples were also measured for T2 relaxation times. This measurement would 
show whether a sample has a lot of water/oil still contained within its pores and to what size the pores are in which it is 
contained, i.e. samples with long T2 relaxation times after spinning (irreducible stage) indicate that some of the larger pores are 
unconnected. 
 
Conclusion reached: NMR distributions can be used to determine saturations and porosities. T2 cut off values are not fixed 
for a given reservoir and vary depending on rock type. Separating rocks into various groups of T2 cutoff times allows 
characterisation of rocks and their pore types.  
 
Comments: Gives a good background to how NMR laboratory measurements are performed and can be used to classify rocks.  
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SPE77401, 2002 
Presented at the SPE Annual Technical Conference and Exhibition, San Antonio, Texas, USA, 29 September-2 October. 
 
Title: An Evaluation of the Application of Low Field NMR in the Characterization of Carbonate Reservoirs  
 
Authors: Mai, A., Kantzas A. 
 
Contribution to the understanding of permeability predictions: Tests both Timur-Coates and SDR relationships then 
derives a new relationship, relating permeability to the sum of the amplitudes of the first and second peaks from T2 
distributions in fractional form. A completely new method for determining permeability from NMR. 
  
Objective of the paper: To investigate old and possibly derive new methods of permeability predictions from NMR readings 
in carbonate reservoirs. 
 
Methodology used: Timur-Coates and SDR equations are tested and compared to core permeabilities. A new T2 cut off was 
calculated by creating a relationship between it and the amplitude and geometric mean of the last peak. The equation formed 
is: 
𝑇2cutoff = 0.06417(𝐿𝑃)
−0.74837(𝑇2𝑔𝑚_𝐿𝑃)
1.04209
 
 
A similar equation was formed for Swi. 
 
Finally an equation was formed that relates permeability to the amplitude sums of the first and last peaks as fractions: 
𝑘 = 0.09396(𝐹𝑃)−1.81567(𝐿𝑃)4.55186 
 
Conclusion reached: T2 cut off, Sw and permeability have been proven to be functions of T2 peak distributions. For these 
reservoirs it was shown that permeability derived from T2 first and last peak amplitudes is more accurate than either the Timur-
Coates or SDR methods. There are problems when the first and last peaks of the T2 distribution overlap.  
 
Comments: This is a brand new theory that relates permeability to the amplitudes of the first and last peaks. It works well for 
the reservoirs examined. This paper attempts to use and adapt this method for comparison with all other predictions.  
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SPE 88683, 2004 
Presented at the 11th Abu Dhabi International Petroleum Exhibition and Conference, U.A.E. 10-13 October  
 
Title: Comparison of Permeability Predictors from NMR, Formation Image and other Logs in a Carbonate Reservoir 
 
Authors:  Hassall, J.K., Ferraris, P., Al-Raisi, M., Hurley, N. F., Boyd, A., Allen, D. F. 
 
Contribution to the understanding of permeability predictions: Highlights the method involved in combining image 
porosity with NMR porosity and adapting the original SDR equation to match specific reservoirs. Talks a lot about the effects 
of vugs on the predictions of permeability in carbonate reservoirs. 
 
Objective of the paper: To estimate permeability in the wellbore using a suite of logs to examine textures and properties of 
the pore space and derive a single core permeability profile from log data. Match the log derived permeability to core derived 
permeability. 
 
Methodology used: The conventional methods (Timur-Coates and SDR) were tested initially to show the lack of correlation 
with core data permeabilities. They are also used later as a comparison to the adapted equations. 
 
Carbonate specific permeability methods are produced. This was achieved by including an additional factor related to the 
volume of macro porosity, obtaining the relationship: 
𝑘 = 𝑘𝑆𝐷𝑅 (
∅
(∅ − 𝑉𝑚𝑎𝑐𝑟𝑜)
)
2
 
This model fits well for average permeability but fails to capture spikes in permeability. To overcome this, the NMR macro 
porosity (in the above equation) is replaced with image derived macro porosity, giving higher resolution to permeability 
predictions in heterogeneous, vuggy zones. 
 
These experiments were run and compared to core data to highlight the increased accuracy of permeability predictions through 
the combination of adapted SDR and image derived macro porosity.  
  
Conclusion reached: The method using a combination of adapted NMR (for gross permeability) and image data (for macro 
porosity) gives the most accurate result for permeability predictions. This method could be applied to other carbonate fields 
and even clastic fields. This technique allows reliable permeability predictions based on wireline logging alone. 
 
Comments: This paper puts into use the idea of combining image porosity, instead of NMR porosity, in a permeability 
equation. This method works well for vuggy formations that are interconnected. It may not be applicable to isolated vuggy 
carbonates. Borehole image data and a porosity calculation from image software are required.  
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SPE 87824, 2004 
Revised from paper SPE 77889 first presented at the 2002 SPE Asia Pacific Oil and Gas Conference and Exhibition, Melbourne, Australia 8-
10 October  
 
Title: A Review of Permeability-Prediction Methods for Carbonate Reservoirs Using Well-Log Data 
 
Authors: Babadagli, T., Al-Salmi, S. 
 
Contribution to the understanding of permeability predictions: This paper gives a wide range of backgrounds to 
permeability predictions. It also highlights the heterogeneity of carbonates. It gives a comprehensive list of methods / 
equations for determining permeability from a range of sources (pore & grain techniques, fractal & percolation techniques, 
well log techniques) 
 
Objective of the paper: Review main permeability calculation methods focusing specifically on well-log data permeability 
calculations. Produce results from a case study of a ‘Challenging Carbonate Reservoir’. 
 
Methodology used: Multivariable Regression Analysis (MRA) technique was used to correlate a number of rock properties to 
permeability and thus derive equations for each carbonate unit. (Mohaghegh et al, Saner et al, Xue et al and Altunbay et al all 
used similar techniques in developing permeability correlations, which proved the applicability of MRA here). 
 
Conclusion reached: Difficult to obtain a permeability or porosity correlation from any of these models for a highly 
heterogeneous carbonate. The MRA method is successfully used to determine permeability correlations from well data for 
carbonate reservoirs. The quality of predictions for highly heterogeneous units can be increased by using NMR data and 
defining a new constant (a) from the MRA method. Splitting reservoir into main facies significantly improved the quality of 
permeability correlations.  
 
Comments: This paper highlights the main practices and puts into use the MRA method. It is more of a guide for permeability 
correlations than defining new fundamentals.  
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SEG, JULY-AUGUST, 2006  
Published in the Society of Exploration Geophysicists, V. 71, Issue 4, PF49-F60. doi: 10.1190/1.2216930  
 
Title: Permeability Prediction from MICP and NMR data using an Electrokinetic approach 
 
Authors: Glover, P.W.J., Zadjali, I.I., Frew, K.A. 
 
Contribution to the understanding of permeability predictions: This paper demonstrates the use of MICP data to form a 
new equation that relates permeability to the grain size computed from T2 distributions. 
 
Objective of the paper: To introduce and validate a new permeability prediction equation that does not depend on calibration 
to core data and to present the optimal method for calculating the mean grain diameter from either MICP or NMR data. 
 
Methodology used: Several existing methods (SDR, Timur-Coates and Hidajat) are tested and used as a comparison for the 
new (RGPZ) model: 
𝐾𝑅𝐺𝑃𝑍 =
𝑑2∅3𝑚
4𝑎𝑚2
 
where d is geometric mean of grain size, m is the cementation exponent, a is a constant and ∅ is porosity. 
 
Two methods for calculating geometric mean grain size are used.  
 
Firstly MICP data is used to calculate the mean grain size and a helium porosimeter is used to calculate porosity. This allows a 
prediction of permeability using the RGPZ equation. 
 
Secondly porosity is taken from NMR measurements. The mean grain size is derived using methods previously proposed by 
Basan et al (1997) and Coates et al (1999). Here the T2 logarithmic mean is used alongside knowledge of surface relaxivity and 
the pore throat to pore size ratio, taken from MICP. This yields a value for mean grain size which can be used in conjunction 
with the NMR log to produce a permeability prediction, using the above RGPZ equation. 
 
Conclusion reached: The RGPZ model has been shown to be successful in many types of bead pack data and through 65 
various lithologies. In all cases, the RGPZ has compared well to measured permeability values and outperformed several other 
common predictions, including the SDR and Timur-Coates models. 
 
Comments: This paper proves a new permeability prediction method to work successfully for both MICP and NMR derived 
permeabilities. Although clearly very good, there is a lack of MICP data available for this project, and so this method will not 
be applicable. 
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SPE102894, 2006 
Presented at the 2006 SPE Annual Technical Conference and Exhibition, San Antonio, Texas, USA, 24-27 September. 
 
Title: Permeability from Production Logs – Method and Application 
 
Authors: Sullivan, M.J., Belanger, D.L., Skalinski, M.T., Jenkins, S.D., Dunn, P. 
 
Contribution to the understanding of permeability predictions: The author presents a way of using dynamic data (PLT and 
DST) in combination with static data (NMR) to calculate permeability. kh values over each flowing zones are calculated 
through the use of PLT and DST data.  
  
Objective of the paper: To utilise PLT data in the prediction of reservoir permeability.  
 
Methodology used: Matrix permeability is calculated from standard NMR calculations, Timur-Coates and SDR. This matrix 
permeability is then boosted or decreased over reservoir sections where flow is occurring by using the PLT data. The PLT 
permeability (for flowing sections only) is calculated by using the Darcy equation for radial flow and DST results. 
 
Simulations are run using the old and new (PLT shifted) permeabilities to compare and contrast the differences observed 
between the two methods. 
 
Conclusion reached: The PLT method for permeability prediction produces much better results than the standard NMR 
measurements. This was primarily because the PLT data boosts the original predictions in line with high permeability streaks. 
As this method is used in combination with the standard matrix derived permeability, the vertical resolution of the logs is 
preserved.  
 
Comments: A useful method. It is a clever bulk shift method. Identifying which zones need shifting and by how much from 
the PLT and DST. Rather than using the Darcy equation for radial flow, the same results can be obtained by dividing the kh 
value (from DST) by the zone contributions, calculated from the PLT. 
  
Heterogeneous Carbonate Permeability Prediction from NMR Logging Tool  43 
SPE 101176, 2006 
Presented at the 2006 Abu Dhabi International Petroleum Exhibition and Conference, Abu Dhabi, U.A.E., 5-8 November. 
 
Title: A New Porosity Partitioning-Based Methodology for Permeability and Texture Analysis in Abu Dhabi Carbonates 
 
Authors: Al Arfi, S., Heliot, D., li, J., Zhan, X., Allen, D. 
 
Contribution to the understanding of permeability predictions: Describes a new method that uses two alternating 
equations to predict permeability that depends on the amounts of micro, meso and macro porosity contained within each NMR 
reading.  
 
Objective of the paper: To present and validate a new permeability prediction method for vuggy carbonate reservoirs. 
 
Methodology used: Using the NMR and electrical image data, the porosity is split into three groups (micro, meso and macro 
porosity). The distinction between the three pore sizes is derived from NMR T2 cut-off times. The distinction is usually 
1000 ms for the meso/macro distinction and ~5 ms for micro/meso distinction. The electrical borehole image data is used to 
further characterise the vuggy, macro porous sections. Using all of this information gives a volume of micro, meso and macro 
pores.  
 
Whether the kSDR or kMacro equations (below) are used depends upon the volume of macro porosity calculated using the above 
method. 
𝑘𝑆𝐷𝑅 = 𝐶𝑐∅
2(𝜌𝑇2𝐿𝑀)
2 
 
𝑘𝑀𝑎𝑐𝑟𝑜 = 𝐶𝑎∅
2 (
𝑉𝑚𝑎𝑐𝑟𝑜
(∅ − 𝑉𝑚𝑎𝑐𝑟𝑜)
)
2
 
If VMacro < VMacro_min then the kSDR is used, otherwise the kMacro is used. 
This gives an output of permeability from two equations used under two different scenarios.  
 
Conclusion reached: Methodology is widely applicable to both the carbonate reservoirs in Abu-Dhabi. Measurements of 
permeability from sidewall cores or formations testers are recommended to validate results. Electric borehole image data helps 
identify vuggy zones. NMR logs also react to oil properties, which can cause problems.  
 
Comments: This paper shows a valid method for calculating permeability from vuggy carbonates, using the porosity 
partitioning method to define which equation to use. It gives a good example of how to apply and refine T2 cut-off values. It 
also highlights the possibility of oil properties affecting results. 
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Appendix B Nomenclature 
 
A Constant 
B Constant 
BVI Bulk volume irreducible 
C Constant 
D Geometric mean grain size 
FFI Free fluid index 
FP Sum of first peak as a fraction 
h height (m) 
k Permeability, [mD] 
LP Sum of last peak as a fraction 
m Cementation factor 
Swirr Irreducible water saturation 
T1 Longitudinal relaxation time 
T2 Transverse relaxation time 
T2cutoff T2 value separating bound and free fluid proportion 
T2LM Logarithmic mean of T2 
VMacro Volume of macro pores 
Ø Porosity (fraction) 
ρ Surface relaxivity 
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APPENDIX C: WELL 2 RESULTS 
 
 
 
Fig. C 1 (Well 2) a—Log showing results of Timur Coates, SDR and FZI Bulk methods. b—Crossplot of Timur-Coates permeability with 
SWC. c—Crossplot of SDR permeability with SWC. d—Crossplot of FZI Bulk method permeability with SWC. 
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Fig. C 2 (Well 2) a—Log showing results of original Mai and Kantzas (2002) (M and K), calibrated Mai and Kantzas and Timur-Coates 
permeabilities. b—Crossplot of Mai and Kantzas (2002) method with SWC. c—Crossplot of calibrated Mai and Kantzas method with 
SWC. 
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Fig. C 3 (Well 2) a—Results showing minor differences between calibrated Mai and Kantzas and Mai and Kantzas model multiplied by 
porosity. b—Crossplot of Mai and Kantzas with porosity against SWC. 
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Fig. C 4 (Well 2) a—Log showing results of the Maximum Peaks method and Maximum Peaks method with porosity. b—Crossplot of 
Maximum Peaks method with SWC. c—Crossplot of Maximum Peaks method and Porosity with SWC. 
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Fig. C 5 (Well 2) a—Log showing PJA method results. b—Crossplot of PJA method with SWC. 
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Fig. C 6 (Well 2) a—Log showing PLT and FZI method and the new equation formed for the PLT and FZI method. b—Crossplot of PLT 
and FZI method against SWC. c—Crossplot of PLT and FZI new equation method with SWC. 
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Table C 1 (Well 2) Summary of predicted kh values and DST kh values. 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
Timur-Coates 79 1150 122 400 165 240 
SDR  46 620 122 400 165 240 
FZI Bulk  230 430 122 400 165 240 
M and K 317 122 400 165 240 
Correlated M and K 11 670 122 400 165 240 
Correlated M and K with Porosity 45 180 122 400 165 240 
Peak Maximums 31 270 122 400 165 240 
Peak Maximums and Porosity 19 280 122 400 165 240 
PJA  12 960 122 400 165 240 
FZI and PLT 34 820 122 400 165 240 
FZI and PLT EQN Change 15 920 122 400 165 240 
Heterogeneous Carbonate Permeability Prediction from NMR Logging Tool  51 
APPENDIX D: WELL 3 RESULTS 
 
 
 
 
Fig. D 1 (Well 3) a—Log showing results of Timur Coates, SDR and FZI Bulk methods. b—Crossplot of Timur-Coates permeability with 
SWC and Core. c—Crossplot of SDR permeability with SWC and Core. d— Crossplot of FZI Bulk method permeability with SWC and 
Core. 
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Fig. D 2 (Well 3) a—Log showing results of original Mai and Kantzas (2002) (M and K), calibrated Mai and Kantzas and Timur-Coates 
permeabilities. b—Crossplot of Mai and Kantzas (2002) method with SWC and Core. c—Crossplot of calibrated Mai and Kantzas 
method with SWC and Core. 
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Fig. D 3 (Well 3) a—Results showing minor differences between calibrated Mai and Kantzas and Mai and Kantzas model multiplied by 
porosity. b—Crossplot of Mai and Kantzas with porosity against SWC and Core. 
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Fig. D 4 (Well 3) a—Log showing results of the Maximum Peaks method and Maximum Peaks method with porosity. b—Crossplot of 
Maximum Peaks method with SWC and Core. c—Crossplot of Maximum Peaks method and Porosity with SWC and Core. 
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Fig. D 5 (Well 3) a—Log showing PJA method results. b—Crossplot of PJA method with SWC and Core. 
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Fig. D 6 (Well 3) a—Log showing PLT and FZI method and the new equation formed for the PLT and FZI method. b—Crossplot of PLT 
and FZI method against SWC and Core. c—Crossplot of PLT and FZI new equation method with SWC and Core. 
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Table D 1 (Well 3) Summary of predicted kh values and DST kh values. 
Method Predicted kh, mD-m DST kh min, mD-m DST kh max, mD-m 
Timur-Coates 27 000 9950 11 800 
SDR  4360 9950 11 800 
FZI Bulk  45 280 9950 11 800 
M and K 90 9950 11 800 
Correlated M and K 3110 9950 11 800 
Correlated M and K with Porosity 10 530 9950 11 800 
Peak Maximums 8320 9950 11 800 
Peak Maximums and Porosity 2260 9950 11 800 
PJA  1160 9950 11 800 
FZI and PLT 7920 9950 11 800 
FZI and PLT EQN Change 5490 9950 11 800 
